ABSTRACT: In this paper we explore the relative control of paleoceanography, eustasy, and water temperature over the evolution of a carbonate slope system deposited on the Marion Plateau (Northeastern Australia). Growth of several carbonate platforms started in the early Miocene on this plateau, and although they occurred in low-latitude subtropical waters they are composed mainly of heterozoan organisms. We investigated an upper to distal slope transect drilled during ODP Leg 194 and located close to the Northern Marion Platform. We reconstructed mass accumulation rates of carbonate as well as the evolution in the ratios of carbon and oxygen stable isotopes. Power spectrum analysis of the carbon isotope record revealed the existence of cycles with main frequencies centered around 409 Kyr and 1800 Kyr. We interpret the 409 Kyr cycle as being paced by changes in the eccentricity of the Earth orbit, and we suggest that the 1800 Kyr cycle could be linked to long-term eustatic changes. Finally, on the basis of the timing of changes in mass accumulation rates of carbonate we infer that the strength and direction of oceanic currents affected sedimentation on the Marion Plateau by shifting depocenters of slope sedimentation, a process probably further modulated by sea-level changes. We argue that the evolution and demise of the heterozoan carbonate systems present on the Marion Plateau were controlled mainly by the evolution of strong benthic currents, and that eustasy and water temperature alone did not account for the drowning of the platforms in the mid Miocene.
INTRODUCTION
The Miocene is a critical interval in Earth's history, when climate switched from the generally warm period of the early Miocene towards an ''icehouse'' world dominated by high latitudes ice sheets on the Southern Hemisphere. The transition occurred in three rapid (ϳ 1 Ma) steps, the largest and most significant step taking place at the end of the middle Miocene (Miller et al. 1991a; Miller et al. 1991b; Miller et al. 1996; Zachos et al. 2001 ). This mid-Miocene global cooling induced the establishment of a major ice-sheet on East Antarctica (Kennett 1985; Zachos et al. 2001) , as indicated by successive ␦ 18 O shifts beginning at 14.5 Ma (Mi-events Mi3a, 3b, 4; Miller et al. 1987) . The establishment of a major ice field in the Southern Hemisphere probably contributed to strengthening the poleto-equator temperature gradient (Kennett 1985; Woodruff and Savin 1989; Flower and Kennett 1994; Flower 1999) , thus intensifying ocean circulation patterns and coastal upwelling, which in turn impacted productivity and sedimentation patterns on the shelf (Kennett 1985; Vincent and Berger 1985; John et al. 2002) .
Carbonate sediments recovered on the Marion Plateau (continental shelf of Northeastern Australia, Fig. 1 ) indicate that the growth of the largest heterozoan-dominated carbonate systems present at this location came to an abrupt end at a time correlative with the middle to late Miocene climatic shifts (ODP Leg 194, Isern et al. 2002) . Isern et al. (1996) proposed that regional changes in water temperature caused the late Miocene drowning of the Queensland reefs. However, heterozoan systems as opposed to photozoan systems (composed mainly of organisms thriving in oligrotrophic environments), are dominated by heterotrophic organisms (mainly red algae, bryozoa, and some mollusk fragments, with minor amounts of autotrophic large benthic foraminifers) that can grow in a variety of different salinity, temperature, and turbidity conditions (James 1997; Hallock 2001) . The relationship between demise of heterozoan systems and climate cooling is thus not as straightforward as it would be for typical ''tropical'' photozoan carbonate systems. Hence, the Marion Plateau offers a unique opportunity to study the factors controlling the demise of a heterozoan carbonate system during a phase of global climate change, and the data acquired here could in turn lead to the establishment of a better general model for the response of these systems to changes in eustasy, paleoceanography, and water temperature.
As a first step towards better constraining the parameters leading to the demise of the Marion Plateau platforms, we analyzed three slope sites along a depth transect going from proximal (Site 1194) to distal slope locations (Sites 1192 and 1195, see Figs. 1 and 2). Sediments from carbonate slopes are generally more completely recovered by drilling, hence offering the possibility to work at a higher resolution than on the platform. Moreover, biostratigraphy is generally more reliable in slope sediments, and early diagenesis is less important, thus permitting paleoceanographic and geochemical analysis on well-preserved foraminifers. The primary objective of the present paper is to investigate the changes recorded in slope sediments in the course of the Miocene and relate this with the known history of the platform. Specifically, we develop stable-isotope records based on epifaunal benthic foraminifers and we discuss the observed isotopic changes in the context of the global isotopic shifts reported for the Miocene. We then use these isotopic records to determine local changes in the carbon cycle as well as to derive tentative water temperatures for the Miocene. Finally, we reconstruct carbonate accumulation at the slope sites, and we use the perspective gained by studying slope sediments to discuss and constrain the possible parameters that led to the demise of the Northern Marion Platform at the end of the middle Miocene.
GEOLOGICAL SETTING AND STRATIGRAPHY
The oldest sediments recovered over the Jurassic basement of the Marion Plateau are Oligocene in age (Shipboard Scientific Party 2002a). Deposition of the two largest carbonate platforms on the Plateau started during the early Miocene (see Fig. 1 , Shipboard Scientific Party 2002a). These edifices are designated as the Northern Marion Platform (hereafter ''NMP, '' Fig. 2 ) and the Southern Marion Platform (hereafter ''SMP''). Seismic reflectors from the Marion Plateau were divided into five seismic megasequences, each corresponding to a different sedimentation phase (Isern et al. 2002): (1) pre-Oligocene basement, (2) initial flooding of the plateau during the Oligocene (megasequence A, ''MSA,'' not present at every site), (3) establishment of both the NMP and the SMP during the early Miocene, terminated by the late middle Miocene sea-level fall (megasequence B, ''MSB''), (4) drowning of the NMP (around 12.4 to 11.5 Ma, megasequence C, ''MSC''), and (5) final drowning of the SMP and formation of drift deposits (megasequence D, ''MSD''). Sampling for this study focused on the MSB (see Fig. 3 ).
The slope transect investigated here comprises a slope site proximal to the NMP (Site 1194) and two carbonate slope sites distal to the NMP (Sites 1192 and 1195; see Figs. 1 and 2). For consistency throughout this paper, the sites are always cited in a proximal-to-distal order (Site 1194, 1192, 1195). Following ODP convention, stratigraphic depths are reported here in meters below sea floor (''mbsf''). Using the shipboard age models (Isern et al. 2002) , we determined that the targeted early to early late Miocene intervals (from 18 to 10 Ma) corresponded to 100-310 mbsf at Site 1194, 210-340 mbsf at Site 1192, and to 200-420 mbsf at Site 1195.
A succinct description of each lithostratigraphic unit sampled in this study is available in Figure 3 . The proximal slope Site 1194 is composed largely of redeposited, platform-derived neritic carbonate grains (Isern et al. 2002) . The boundary between Subunit IIIA and Subunit IIIB at 160 mbsf is marked by an interval determined to be a hardground on the basis of its physical properties (Shipboard Scientific Party 2002b) . This interval was not recovered by drilling (recovery for this interval was 7.6%). Subunit IIIA is characterized by a ramp environment rich in bryozoans and was interpreted as a phase of shallow-water neritic-carbonate sedimentation during the mid-Miocene sea level lowstand at 11.8-12.4 Ma. Subunit IIIA is topped by a hardground (spanning the interval 11.8 to 7.7 Ma, after Isern et al. 2002) interpreted as a deposition lag due to the late middle Miocene eustatic rise and the following highstand (Haq et al. 1987 ). Sediments at the distal slope sites (Sites 1192 and 1195) record typical peri-platform sedimentation, largely dominated by planktonic foraminifers and nannofossils, with relatively homogeneous sedimentary facies at a macroscopic scale but with some differences in the components deposited. The differences noticed in this study in sedimentary facies at the distal slope sites are further discussed in the ''analytical results'' section.
ANALYTICAL METHODS
493 samples (74 samples from ODP Site 1194, 140 samples from Site 1192 B, and 277 samples from ODP Site 1195 B; Figs. 1, 2) were collected with an average sampling resolution of 1 sample/50 cm. One aliquot (10 cm 3 ) of the sampled material was dried overnight in an oven (60ЊC) and soaked for 10-12 hours in 10% oxygenated water. Samples were washed over a 63 m sieve, dried in an oven (60ЊC) and finally dry-sieved in three size fractions (140-280 m, 280-500 m, and Ͼ 500 m). Six pristine specimens of the epibenthic foraminifer genus Cibicidoides spp. were hand picked under a microscope in the 280-500 m fraction to avoid sampling juveniles. 342 picked samples were found suitable for stable-isotope analysis (Site 1194AϩB, 39; Site1192B, 108 samples; Site 1195B, 197 samples) . Stable isotopes were measured with a FINNIGAN MAT 251 massspectrometer at the University of Bremen, Germany. Standard deviation was 0.07‰ 2 for both oxygen and carbon isotopes based on multiple runs of the NBS-19 standard. Oxygen and carbon isotope results (␦ 18 O benthic ) are expressed in the standard ␦ notation as permil (‰) PDB. A correction factor (adding 0.64‰) was systematically applied to the oxygen isotope results to take into account species-specific fractionation due to biological processes (Shackleton et al. 1984) . Additionally, 39 isotope measurements were performed on bulk-rock samples (powdered samples as described below) from Hole 1194B because only four intervals contained Cibicidoides spp. specimens in this hole.
A second aliquot of each sample (10 cm 3 ) was crushed using an agate mortar. Carbonate content of the 493 samples was measured at the University of Stuttgart (Germany). The powders were dried overnight in an oven set at 60 ЊC. Between 40 and 60 mg of sample material were analyzed using a Coulometer 5020 from UIC Inc. attached to a CM TIC Auto sampler from Orbis bv. Results were converted to calcite values by multiplying the TIC (total inorganic carbon) results by the appropriate factor (8.33). Reproducibility based on triplicates from samples was Ϯ 2 wt% CaCO 3 . 
ANALYTICAL RESULTS

Sedimentology
All sediments analyzed at the studied sites are composed of pelagic carbonates (foraminifers and nannofossils), benthic foraminifers, and lesser amounts of heterozoan bioclast fragments, such as mollusks, echinoids, and red algae. The only interval containing any significant amount of in situ neritic carbonate is the ramp unit at Site 1194 (Unit III; Isern et al. 2002) . Visual observation of the sieved samples during picking revealed that sediments from Sites 1192 and 1195 could be divided into three distinct intervals based on sediment assemblages. The deepest (oldest) interval starts below 295 mbsf at Site 1192 and below 287 mbsf at Site 1195. This interval is characterized by sediments rich in large (Ͼ 500 m) neritic carbonate fragments and benthic foraminifers (Fig. 4A) . Well-preserved carbonate particles are rare because they are often abraded and partly dissolved (see Fig. 4A ). Iron oxides can be observed in the deeper sections of Site 1195 (Fig. 4A2) . The second interval spans from 260 to 295 mbsf at Site 1192 and from 250 to 287 mbsf at Site 1195. It is characterized by relatively abundant glauconite grains, and the presence of quartz grains (Fig. 4B) . Quartz grains were not observed in any other intervals along the studied transect. Glauconite grains are millimeter in size, abraded, and well rounded. These features are suggestive of transported glauconite. Neritic carbonate components are present, but in minor amounts as compared with the previous interval, whereas planktonic foraminifers are more abundant. The last interval starts above 260 mbsf at Site 1192 and above 250 mbsf at Site 1195. The assemblage for this interval is characterized by the predominance of planktonic foraminifers, and the absence of glauconite, quartz, and bioclastic debris derived from neritic areas (Fig. 4C ).
Carbonate Content
Carbonate content at Site 1194 varies from 40 wt% to 100 wt% ( 
Oxygen and Carbon Stable Isotopes
Oxygen isotope ratios for Cibicidoides spp. (␦ 18 O benthic , Fig. 6 ) ranges from Ϫ1.5‰ to 0‰ at Site 1194, Ϫ0.5‰ to 0.5‰ at Site 1192, and Ϫ1‰ to 0.5‰ at Site 1195. The bulk results of Hole 1194B ( 
DISCUSSION
Age Models for the Slope Sites
The age models developed for the slope sites are based on biostratigraphy (nannofossils and planktonic foraminifers datums) combined wherever possible with magnetostratigraphy (Isern et al. 2002) . Site 1195 was drilled as a reference chronostratigraphic site and is thus used throughout this study to correlate the timing of events observed across the whole slope transect. Magnetostratigraphy and biostratigraphy at Site 1195 concur well in the upper intervals (Fig. 8B , above 250 mbsf). Below 250 mbsf, reliable magnetostratigraphy is generally rare and shows a discrepancy (up to 0.8 Ma age difference) with biostratigraphic datum. At time of Leg 194 the magnetostratigraphic data below 250 mbsf were considered less reliable than the biostratigraphy, and the shipboard age model was based solely on nannofossils and foraminifers datum for this interval. Consequently, we estimate the error range for the lowest portion of this site at Ϯ 0.5 Ma, and better than Ϯ 0.5 Ma above 250 mbsf.
The age model between 170 mbsf and 250 mbsf at Site 1192 is more problematic (Fig. 8A ): nannoplankton datums are scattered in this interval, and no reliable magnetostratigraphy was recovered. The age model for this interval was established on the basis of the last reliable nannofossil datum downcore (170 mbsf) and the remaining nannofossil and foraminifer datums below 300 mbsf. As a consequence, we estimate that the shipboard age model for Site 1192 has an estimated error of Ϯ 1.0 Ma. The problem is similar at Site 1194 between 117 and 400 mbsf because the age model is based on three nannofossil datums and one foraminifer datum (Fig. 9) , and no reliable magnetostratigraphy exists for this interval. We estimate the error range for the age model at this site to be Ϯ 1.0 Ma or worse. As already mentioned, the relatively large error ranges in the ages of Sites 1194 and 1192 mandates that we used Site 1195 as a reference site throughout this study.
Miocene Stable-Isotope Events and Chemostratigraphy
The Miocene is characterized by carbon and oxygen isotope shifts that can be correlated on a global scale in deep-sea sediments (Vincent and Berger 1985; Miller et al. 1987; Miller et al. 1996) , and were also traced -Sediment characteristics before, during, and after the glauconite-and quartz-rich interval. Sediments before the glauconite-rich interval (A1 and A2) are characterized by dominant neritic carbonate, with occurrences of iron oxides in the deeper intervals (A2). Note that this interval has the highest cementation level. Sediments from the quartz-rich interval (B1 and B2) are characterized by glauconite grains as well as quartz grains, and common occurrences of neritic carbonate particles as well as benthic foraminifers. Sediments above this interval (C1 and C2) are characterized by the strong dominance of planktonic foraminifers, and good preservation. G, planktonic foraminifer of the Globigerinoides family; Bf, benthic foraminifer; Nc, undifferentiated neritic carbonate; Mol, mollusk shell fragments; Ech, echinoid fragments; Gl, glauconite grains; Q, quartz grains; Ox, iron oxides.
to the shallow-water continental shelves (see, e.g., Jacobs et al. 1996; Miller et al. 1996; Mutti et al. 1997; John et al. 2003) . Six intervals of increased ␦ 18 O benthic are traditionally recognized throughout the Miocene and reflect phases of Antarctic glaciations (designated ''Mi'' events 1 to 6; Miller et al. 1991b) . At the same time, the carbon isotope record shows that a longterm shift towards heavier ␦ 13 C benthic values took place between 17.5 to 13 Ma (so called ''Monterey Event,' ' Vincent and Berger 1985) . During that period, several shorter-term positive excursions in the carbon isotopes, interpreted as global increases in productivity and burial of organic carbon (Vincent and Berger 1985; Isaacs et al. 1987) , were identified by Woodruff and Savin (1991; ''CM'' events) . Chemostratigraphic correlations based on carbon and oxygen isotopes have been successfully applied to a variety of depositional settings across the platform to deep-sea range (e.g., Jacobs et al. 1996; Mutti et al. 1997; Weissert et al. 1998; Mutti et al. 1999; Spezzaferri et al. 2001; John et al. 2003) . In the case of the Miocene, the most recognizable feature of the global oxygen isotope curve is the Mi3 event, which is generally visible in most isotopic records throughout the world and is distinguishable from the other Mi events by the fact that the postexcursion ␦ 18 O values never fully recover back to pre-Mi3 values (Miller et al. 1991a; Miller et al. 1996; Miller et al. 1998) . For the carbon isotope record, events CM3 and CM6 are usually the most pronounced and betterpreserved excursions in the deep-sea (Woodruff and Savin 1991) .
At the distal slope sites, a marked step towards permanent heavier ␦ 18 O values is interpreted here as the Mi3 event (288 mbsf at Site 1192, 275 mbsf at Site 1195; Fig. 6 , Table 1 ). Frequent fluctuations in the ␦ 13C record at Site 1195, probably due to regional changes in the carbon cycle, render proper identification of carbon isotope events more difficult. However, a distinct shift in the baseline values of ␦ 13 C towards lighter values (290 mbsf at Site 1192 and 270 mbsf at Site 1195) distinctly marks the end of the ''Monterey carbon excursion'' (Vincent and Berger 1985) and hence the end of event CM6 (Woodruff and Savin 1991) . On the basis of this observation and on the existing age model, event CM6 is identified as the initial increase of the last marked carbon excursion during the Monterey Event (Table 2 , Fig. 7) . Event CM3 is then tentatively identified at Site 1195 as the most pronounced excursion occurring during the Monterey event before the CM6 event. Other Miocene carbon and oxygen isotope events are present in the record but are less conspicuous and hence are identified on the basis of their datum and the shipboard age model (Table  1) . No isotope event could be identified with certainty at Site 1194, partly because the isotopic record based on bulk-rock used at this site is affected Mi, oxygen isotopes events (Miller et al. 1991a; Miller et al. 1991b ). CM, carbon isotopes events (after Woodruff and Savin 1991). by mixing with neritic carbonates from the platform and diagenesis, but also because of the lower sampling resolution at this site (constrained by low sediment recovery during drilling).
Because the Mi3 event has a known age (13.6 Ϯ 0.5 Ma; Miller et al. 1991a ) and is very well marked at Sites 1192 and 1195 it can be used as an additional datum in the age models. At Site 1192 the onset of the CM6 event is also well marked and can be used as another chemostratigraphic marker (14.2 Ϯ 0.5 Ma; Woodruff and Savin 1991) . All the other events are considered to be too unreliable for chemostratigraphic purposes but are plotted in Figure 8 to display the good coherence between their interpretation and the age model. At Site 1192, events CM6 and Mi6 can help resolve the ambiguity between the nannofossil stratigraphy and the single foraminifer datum (Fig. 8A) . We argue that these two isotopic events provide better age control for this interval, and we consequently propose to modify the age model by inferring sedimentation rates of 2.7 cm/Kyr below 290 mbsf, 1.6 cm/Kyr between 290 and 245 mbsf, and 4.2 cm/Kyr between 245 and 170 mbsf (Fig. 8A) . At Site 1195, the Mi3 event identified matches well with the existing age model. However, between 240 and 280 mbsf the isotopic events are in perfect alignment with Leg 194 magnetostratigraphic data, whereas biostratigraphic data are scarce and in disagreement with these data sets. The age model could be modified slightly by changing the sedimentation rate to a constant 2.0 cm/Kyr between 240 and 280 mbsf to accommodate the magnetostratigraphic data, the inferred CM7 event and the positively identified Mi3 event (Fig. 8B) . However, this modification is minor and does not significantly affect subsequent calculation based on the age model.
Trends in Oxygen Isotopes and Water Temperature
Oxygen isotopes results for all sites (Fig. 10) Isern et al. 1996) . The differences in temperature between the various sites were calculated using the linear equation of Bemis et al. (1998) . Pickard et al. (1977) , Tomczak and Godfrey (1994) , and Isern et al. (1996). in the deep sea. This is expected inasmuch as the water depth is significantly less at these sites than at the sites chosen for comparison (Fig. 10 , curve after Zachos et al. 2001) . Furthermore, the difference can easily be understood when looking at the modern current circulation pattern (See Fig. 11 ; Pickard et al. 1977; Tomczak and Godfrey 1994) : the Marion Plateau is dominated by surface waters of the southern edge of the westward-flowing South Equatorial Current (SEC), a warm subtropical current. To discuss changes in water temperature, we choose to estimate the difference in temperature between the Marion Plateau curve and the global deep-sea curve (see Fig. 10 ; Zachos et al. 2001 ). This approach is easier than reconstructing absolute water temperatures because in the latter case we would need to estimate ice volume, which was changing throughout the Miocene. Because we are comparing time-equivalent values, ice volume is similar for both locations and its effect on the ␦ 18 O can thus be neglected. Hence, we subtract time-equivalent ␦ 18 O values of the deep-sea curve from the Marion Plateau curve (Fig. 10) and convert the absolute value of the resulting ⌬ ␦ 18 O into a ⌬ temperature using the linear equation established by Bemis et al. (1998) . Results show that compared to the deep-sea Site 1194 was 13ЊC warmer at ϳ 15 Ma and 14ЊC warmer at 7 Ma. Compiled ␦ 18 O curves for Sites 1192 and 1195 (Fig. 10) show that water temperature for the distal slope was intermediate between Site 1194 and the deep sea, namely 7ЊC warmer at 15 Ma and 7.5ЊC warmer at ϳ 11.5 Ma. Taking into the calculation deep-sea temperature estimates of Billups and Schrag (2002) (4ЊC before 13.8 Ma, 2ЊC after), we can constrain water temperatures before 13.8 Ma to be ϳ 17ЊC at Site 1194 and 10ЊC at Sites 1192 and 1195. After 13.8 Ma, water temperatures fell by ϳ 1ЊC at all sites. Results for ODP Site 811 (Townsville Trough, Isern et al. 1996) are shown for comparison (Fig. 10) 
: this deeper environment on the northern edge of the Marion Plateau records water temperatures closer to deep-sea values. SLOPE SEDIMENTATION IN A MIOCENE SUBTROPICAL HETEROZOAN SYSTEM
FIG. 12.-A) Power spectrum of the ␦ 13 C record at Site 1195 compared with B) the power spectrum of the Earth's eccentricity (after Laskar 1999 Laskar , 2004 . Analysis performed using the Blackman-Tuckey method, with a lag of 25% of the series and a Bartlett window. Cycles of 1800 Kyr and 409 Kyr frequencies are present in the record. C) Coherency between the ␦ 13 C record at Site 1195 and eccentricity.
The Carbon Cycle and the Marion Plateau
Site 1195 yields the most complete carbon isotope record of Leg 194, spanning the time interval from 18 to 10 Ma. In order to analyze possible cyclic variations in ␦ 13 C at this site we used Analyseries (Paillard et al. 1996) to remove linear trends in the time series, resample it with a constant step (50,000 years, hereafter 50 Kyr), and perform a Blackman-Tukey analysis (lag set to 25% of the time series, using a triangular ''Bartlett'' window). Results (Fig. 12) show that changes in the carbon isotopes at this site are strongly paced by a 409 Kyr and a 1800 Kyr cycle. The 409 Kyr cycle corresponds to long-term changes in the eccentricity of the Earth's orbit (Fig. 12 , compare frequencies in the ␦ 13 C at Site 1195 with frequencies in the eccentricity after and Laskar 1999; Laskar 2004) . Eccentricitycontrolled ␦ 13 C cycles of an 400 Kyr duration have previously been reported for the deep sea by various authors (Woodruff and Savin 1991; Flower and Kennett 1995; Zachos et al. 1997 ) and have recently been used to orbitally tune marine records (Cramer et al. 2003) . The ␦ 13 C record at Site 1195 indicates clearly that these cyclic variations occur in shallowmarine, carbonate-dominated environments as well as in the deep sea. Conversely, the presence of the 409 Kyr frequency in our ␦ 13 C time series is an indication that the age model used for Site 1195 is robust. On the other hand, the longer-term cycle present in the ␦ 13 C record (1800 Kyr, or ϳ1.8 Myr) does not directly relate to a known longer-term frequency of the eccentricity (ϳ 2.5 Myr). It is possible that this ''cycle'' is drifted from its normal eccentricity-related frequency by regional mechanisms inducing long-term changes in the carbon cycle. We suspect, however, that this frequency is more likely induced by long-term sea-level changes: the six sequence boundaries recognized for the Miocene by Haq et al. (1987) are separated in time by 1.2 to 2.4 Myr from each other, and occur on average every 1.6 Myr. This is close to our 1.8 Myr ''cycle,'' and hence we argue that the long-term frequency is in fact pseudo-cyclic and reflects sea-level changes. The isotopic record of Site 1192 has a much lower resolution because of sampling and preservation issues at that site. However, frequency analysis did reveal a strong cycle of 1.7 Myr which is compatible with the 1.8 Myr cycle discussed earlier. The 409 Kyr cycle could not be evidenced at that site.
The exact mechanisms forcing the carbon cycle on the time scale discussed here are still debated, but several possibilities can be taken into consideration (Fig. 13) . The rate of burial of organic carbon versus carbonate carbon is generally seen as being the main mechanism forcing the carbon cycle (Woodruff and Savin 1991; Föllmi et al. 1994; Weissert et al. 1998) . Marine productivity implies photosynthesis in surface waters that favors the use of the lighter isotopes, and as a result sea water is depleted in 12 C (Shackleton 1985; Vincent and Berger 1985) . If the organic matter is buried, the ␦ 13 C Sea water can increase significantly on the time scale of several Kyr. Moreover, changes in the input of terrigenous dissolved organic matter can affect regional ␦ 13 C because continental organic matter has low ␦ 13 C values (Ͻ 21‰, Sackett and Thomson 1963; Hecky et al. 1993) . Additional mechanisms that need consideration here are organism respiration on top of carbonate platforms, which results in low ␦ 13 C Sea Water (Patterson and Walter 1994) , thus reducing ␦ 13 C in foraminifer calcite, and upwelling of deeper, intermediate-depth waters, because Pacific ''old'' waters have a wide range of ␦ 13 C that depend on their age (between 0.5 to 2.5‰, Woodruff and Savin 1989; Wright and Miller 1993) . All of the mechanisms discussed above are affected by changes in sea level, discussed earlier as being the probable forcing mechanisms behind the longer-term (1.8 Myr) ''cycle'' in ␦ 13 C. Sea-level changes can affect the carbon cycle by constraining the areal extent of the shelf and thus the space available for deposition of organic matter or carbonate carbon. However, sea-level change would not lead to significant changes in areas of neritic deposition of this carbonate ramp, because it would simply shift the site of deposition up and down without affecting the width of the depositional belt. Perhaps more importantly, sea-level variations can modify local topographical upwelling cells and regulate the proximity of river input, thus controlling nutrient availability on the shelf and input of terrigenous organic matter.
We argue that upwelling of deeper, intermediate-depth waters and organism's respiration are unlikely mechanisms to control regional ␦ 13 C on the Marion Plateau: upwelled deep-waters would be characterized by cold temperatures, and this is not supported by our oxygen isotope record (Fig.  10) . For a similar reason we discard organism's respiration as controlling the carbon cycle in the slope sediments: to be effective in order to affect foraminifers analyzed on the slope, these foraminifers have to be transported from the platform. Hence, the ␦ 18 O record of these foraminifers should display warmer temperatures, as is clearly evidenced by the ␦ 18 O record of the shallow-water Site 1194 (Fig. 6) . This is not the case at Site 1195, and no evidence of reworked layers such as turbidite beds was found in the facies description (Shipboard Scientific Party 2002b), though small Woodruff and Savin (1989) and Wright and Miller (1993) , other ␦ 13 C values are taken from Bickert (2000) and reference therein. NMP, Northern Marion Platform.
events could have been blended in the sedimentology because of bioturbation.
Consequently, marine productivity and input of terrigenous organic matter remain the most likely mechanism to explain the shorter-term ␦ 13 C cycles on the Marion Plateau. If we do not completely rule out that periodic input of dissolved organic matter from land could have affected ␦ 13 C during low stands, we nevertheless regard this mechanism as subordinate, because (1) terrigenous material is present only in small amounts (Ͻ 0.1%) in the slope sediments of the plateau and (2) oxygen isotopes do not indicate periodic input of river water (characterized by low ␦ 18 O values). We thus infer that the short-term (here ϳ 409 Kyr) ␦ 13 C cycle was paced mainly by mechanisms implying changes in marine productivity whereas the long-term carbon isotope cycle (here 1.8 Myr) reflects mainly changes in sea level.
Accumulation Rates of Carbonate
Accumulation rates of carbonate (hereafter MAR carbonates ) are calculated by combining carbonate content from this study (''Carb''), sedimentation rates as determined using the modified age models presented earlier (''SR''), and density measurements made on board the ship (''D,' ' Isern et al. 2002) :
Resulting MAR carbonates are expressed in g/cm 2 /Kyr, and reflect fluxes of carbonate at a given site. Results show that MAR carbonates for the distal slope sites are similar (Fig. 14) , suggesting that a common set of parameters controlled accumulation of carbonate at each site. From 18 to 13.9 Ma, MAR carbonates values are high (on average 6 g/cm 2 /Kyr for Site 1195, 5 g/ cm 2 /Kyr for Site 1192, and 5 g/cm 2 /Kyr for Site 1194). This interval is characterized in the distal slope sites by large-amplitude fluctuations in MAR carbonates (Fig. 14) and by abundance of neritic carbonate fragments inferred to be transported from the shallow-water platforms and benthic foraminifers (Fig. 4A ). An important drop in carbonate accumulation occurs around 13.6 Ma at Sites 1192 and 1195 (values falls to 2-3 g/cm 2 / Kyr). This interval of low MAR carbonates , which lasts until 12.2 Ma, corresponds to the accumulation of a sediment rich in transported quartz and glauconite, and poorer in benthic foraminifers (Fig. 4B) . The presence of significant amounts of glauconite probably implies condensation, even though the glauconitic grains are reworked. We suspect that the inferred hardground at Site 1194 could span a time similar to this glauconite-rich phase. This assumption is supported by the age model that suggests that the inferred hardground occurred around 13.6 Ma (Fig. 9) . MAR carbonates remained low at the distal sites until 11.3 Ma. After 12.2 Ma, sedimentation at the distal slope sites was characterized by a facies dominated by planktonic foraminifers, barren of neritic debris, and containing very few benthic foraminifers (Fig. 4C) . At 12.2 Ma, carbonate accumulation at Site 1194 increased to 10 g/cm 2 /Kyr, in response to the establishment of a shallow water carbonate ramp at this location (Unit IIIA, Fig. 3 , Isern et al. 2002) , and at 11.3 Ma MAR carbonates at Site 1194 drops to 0 g/cm 2 /Kyr (recovered hardground), but peaks at Sites 1192 (7 g/cm 2 /Kyr) and 1195 (8 g/cm 2 / Kyr). MAR carbonates at slope sites are affected by export of neritic carbonate from the platform, by production of benthic carbonates on the slope, by planktonic foraminifer production in the water column, gravity-flow deposits, as well as by carbonate dissolution. Results from this study show clearly that the main drop in carbonate accumulation in the distal slope corresponds to a decrease in the accumulation of platform-derived material (see components shown in Fig. 4 B and C) . Although MAR values are dependent on the age model used, our results show that even when changing the assigned ages within their error range (Ϯ 0.5 Myr at Site 1195, Ϯ 1.0 Myr for the two other sites), the main features of the MAR carbonates remain constant. In particular, the prominent drop in MAR carbonates is always coeval with the main increase in ␦ 18 O interpreted as the Mi3 event, and both events are dated at 13.6 Ma (See Fig.15 and discussion below).
Evolution and Demise of the NMP: A Slope Perspective
Results of Leg 194 have shown that NMP termination occurred during the N12-N14 foraminifer zone (between 12.5 and 11.4 Ma, Isern et al. 2002) , a time of low sea level when all the platforms of the plateau were exposed (McKenzie and Davies 1993) . Because sea-level changes on the Marion Plateau were controlled mainly by eustasy, it is surprising that the N12-N14 fall had no effect on the accumulation rates of carbonates on the slope (Fig. 15 A, B) . Even in heterozoan systems a drop of the magnitude reconstructed for the Miocene sea-level fall (50.0 Ϯ 5.0 m, John et al. 2004) should affect, if not production rates, then at least reworking of neritic carbonates.
FIG. 14.-Mass accumulation rates (MAR) of carbonate versus time for the three sites investigated. These MARs were obtained by combining carbonate content and age model from this study with density measurements made during Leg 194 (Isern et al. 2002) . The gray areas indicate occurrences of transported glauconite and quartz. Dashed lines indicate the limits of hardground and hiatus/condensed intervals at Site 1194.
Instead, the only marked reduction in MAR carbonates (Fig.15A, B) occurs around 13.6 Ma, a time not characterized on the Haq et al. (1987) curve by a major eustatic fall. However, the short-to medium-term trends on the Haq et al. (1987) curve are questionable, and stable isotopes suggest a gradual sea-level fall starting at 13.6 Ma with the onset of Antarctic glaciations (Mi3 event) and ending around 11.5 Ma (see John et al. 2004 , and references therein). Hence, the timing of the major mid-Miocene phase of climate cooling parallels the decrease in carbonate accumulation observed on the Marion Plateau. Two possible scenarios are discussed here to link changes in MAR carbonates to climatic events: either production on the platform and its export dramatically dropped during the Mi3 event (possibly because of a yet unresolved sea-level fall), or alternatively sedimentation continued as before on the platform at that time but the strength and direction of oceanic currents over the Marion Plateau changed, shifting depocenters for the platform-derived carbonate fragments. Both mechanisms could potentially explain the changes in MAR carbonates at the distal slope sites, and as long as the evolution of the platform is not better constrained we cannot rule out a potential contribution of changes in rate of carbonate production on the platform. However, several factors suggest that events occurring on the platforms were less important in controlling MAR carbonates than changes in sediment depocenters. Biostratigraphy obtained during Leg 194 (Isern et al. 2002) as well as recent single-crystal Sr isotope analysis (Ehrenberg et al. 2003) have all shown that the NMP platform drowned between 12.5 and 10.4 Ma. Furthermore, recent studies have so far been unable to document a shut down or reduction of carbonate production on the platform around 13.6 Ma, though low recovery at Site 1193 could bias this interpretation (Isern al. 2002) .
On the other hand, deposition of carbonate under a current-swept regime is well evidenced by the seismic geometries in the Marion Plateau sediment packages as well as by the generally fine-grained and abraded Miocene sediments recovered during Leg 194 (Shipboard Scientific Party 2002a) . At Site 1194, downhole logging revealed the existence of a hardground not recovered during drilling (Isern et al. 2002) . This hardground corresponds to the subunit boundary IIIA-IIIB at Site 1194, and its timing coincides with the Mi3 event and the phase of glauconite deposition at Sites 1192 and 1195. The existence of this hardground combined with the occurrence FIG. 15.-A) Eustatic curve established by Haq et al. (1987) . Sequence boundaries are indicated by a vertical gray line. Time span of the N12-N14 sea-level fall is marked by a gray dashed box. B) Mass accumulation rates of carbonates at Site 1195. Note that sequences TB2.2 and TB2.3 each correspond to a decrease in MARs. The gray area indicates the presence of transported glauconite and quartz. The white arrows point to the position of Mi events (Miller et al. 1991a; Miller et al. 1991b ) identified in the oxygen isotope record. Note the coherence between decrease in MAR carbonates and the major Mi3 event. C) Marion Plateau ␦ 13C record versus time. Note that the carbon isotope shift towards lighter values occurred after the Mi3 event.
of transported quartz and glauconite grains during the drop in MAR carbonates suggest that decreased accumulation rate of sediment and increased current sweeping were coupled during the Mi3 event. The sudden abundance of well crystallized quartz grains following the Mi3 event at Sites 1192 and 1195 also indicates a change in sediment provenance, though this could alternatively be linked to a drop in sea level and migration of the shoreline.
The modern current-swept Marion Plateau is an ocean-facing area with surface waters dominated by the southern edge of the westward-flowing South Equatorial Current (Fig. 11 , Pickard et al. 1977; Tomczak and Godfrey 1994) . Because the permanent establishment of the East Antarctic ice sheet around 13.6 Ma induced major changes in worldwide oceanic circulation and climatic pattern (Kennett 1985; Miller et al. 1991b; Flower and Kennett 1994; Flower 1999) , and because no barrier existed to shelter the Marion Plateau from the open ocean, it is reasonable to assume that current patterns on the plateau shifted and/or strengthened in response to global paleoceanographic changes taking place at that time (Fig. 16 ). Recently Anselmetti et al. (2000) have shown how the effect of changes in the strength of the Florida Current can be tied to sea-level changes and affect the interfingering of proximal and distal slope sediment adjacent to the Great Bahama Bank. In a similar fashion, changes in strength and direction of oceanic currents are likely to have impacted the accumulation rates of carbonate on the slope of the Marion Plateau. Furthermore, we argue that the development of these strong bottom currents may also have played a major role in the drowning of the NMP: if, at the end of the mid Miocene lowstand and during the subsequent sea-level rise currents were sweeping the NMP, it is possible that carbonate-bearing organisms could not reestablish themselves on the platform as in the earlier depositional phases. This interpretation would explain the hardground at Site 1194 at 11.5 Ma, and is supported by the fact that nowadays strong bottom currents prevent growth of any significant amount of carbonate on the distal part of the Marion Plateau (Isern et al. 2002) . Originally, regional changes in water temperature were proposed as the main control for the late Miocene drowning of the Queensland reefs (Isern et al. 1996) . Results from this study suggest that the reality was probably more complex. If cool water temper- FIG. 16 .-Summary of the model proposed to explain changes in carbonate mass accumulation rates around 13.6 Ma. A) Before 13.6 Ma, Antarctica is not glaciated and ocean currents are not strongly sweeping the plateau. As a consequence, carbonate derived from the platform accumulate at slope Sites 1192 and 1195. B) After 13.6 Ma, currents are stronger because of increased latitudinal thermal gradient caused by the permanent establishment of the East Antarctic ice sheet. Less carbonate particles are being accumulated, and quartz and glauconite are being transported and deposited at Sites 1192 and 1195.
ature on the southern edge of the NMP could potentially explain the absence of photozoan organisms, the small difference in temperature between the period before and after the mid-Miocene sea-level fall is unlikely to explain the drowning of the NMP. This observation is strengthened by the fact that heterozoan organisms (producing carbonate at Site 1193) are tolerant to a wide spectrum of water temperature (James 1997; Hallock 2001 ).
CONCLUSIONS
Our data suggest that global climatic cooling during the mid-Miocene affected sedimentation on the Marion Plateau by controlling the strength and direction of oceanic currents sweeping the area. Currents were dramatically modified after the Mi3 event, when East Antarctica was permanently glaciated. Consequently, strong bottom water currents developed that shifted sediment depocenters and eventually led to the drowning of the NMP. The eustatic drop linked to the Mi3 event might have enhanced the effect of current sweeping on the Marion Plateau. Water temperature on the other hand probably played only a limited role in controlling rates of carbonate production/export and productivity, although cooler waters could possibly explain the predominance of heterozoan organisms at Site 1193. Long-term sea-level changes (ϳ 1.8 Myr pseudo-cycles) have played an important role in pacing the marine isotopic record by controlling primary and export productivity along the Queensland margin.
On the basis of our current results, it appears that heterozoan carbonates respond to sea-level changes primarily mechanically (increased sweeping of the sea floor), whereas carbonate primary production in photozoan carbonates is directly controlled by the rate of sea-level change because of their acute sensitivity to changes in luminosity (Schlager et al. 1994) . We stress here that a better understanding of the response of heterozoan systems to climate and sea-level changes will be required to link the events observed on the slope with changes observed in carbonate facies on the NMP. Future work will thus have to focus on correlating poorly dated platform sediments with the distal slope sediments. The 409 Kyr and 1.8 Myr. ␦ 13 C cycles identified on the slope could possibly be used for stratigraphic correlations.
However, results from the slope sediments of the Marion Plateau already point out clearly that paleoceanographic parameters were key controls on the evolution of these heterozoan carbonate systems.
